Mannan-binding lectin (MBL) plays a key role in the lectin pathway of complement activation and can influence cytokine expression. Toll-like receptor 4 (TLR4) is expressed extensively and has been demonstrated to be involved in lipopolysaccharide (LPS)-induced signaling. We first sought to determine whether MBL exposure could modulate LPS-induced inflammatory cytokine secretion and nuclear factor-kB (NF-kB) activity by using the monocytoid cell line THP-1. We then investigated the possible mechanisms underlying any observed regulatory effect. Using ELISA and reverse transcriptase polymerase chain reaction (RT-PCR) analysis, we found that at both the protein and mRNA levels, treatment with MBL suppresses LPS-induced tumor-necrosis factor (TNF)-a and IL-12 production in THP-1 cells. An electrophoretic mobility shift assay and western blot analysis revealed that MBL treatment can inhibit LPS-induced NF-kB DNA binding and translocation in THP-1 cells. While the binding of MBL to THP-1 cells was evident at physiological calcium concentrations, this binding occurred optimally in response to supraphysiological calcium concentrations. This binding can be partly inhibited by treatment with either a soluble form of recombinant TLR4 extracellular domain or anti-TLR4 monoclonal antibody (HTA125). Activation of THP-1 cells by LPS treatment resulted in increased MBL binding. We also observed that MBL could directly bind to the extracellular domain of TLR4 in a dose-dependent manner, and this interaction could attenuate the binding of LPS to cell surfaces. Taken together, these data suggest that MBL may affect cytokine expression through modulation of LPS-/TLR-signaling pathways. These findings suggest that MBL may play an important role in both immune regulation and the signaling pathways involved in cytokine networks.
INTRODUCTION

Mannan-binding lectin (MBL), a Ca
-dependent (C-type) lectin, is an important serum component associated with innate immunity. 1, 2 It has the overall 'bundle-of-tulips' structure that was first described for C1q. 3 The MBL polypeptide is composed of four domains, a cysteine-rich N-terminal domain, a collagen-like region containing Gly-X-Y repeats (where X is any amino acid and Y is often hydroxyproline or hydroxylysine), a neck region and a C-terminal carbohydrate recognition domain (CRD). [4] [5] [6] [7] [8] [9] Human MBL is a homooligomer of ,31 kDa peptides, where three peptides interact to form a subunit, and two to six subunits interact to form a variety of MBL molecules that are held together through disulfide linkages located at the amino termini of the peptides. Molecular mass can range from ,200 to 600 kDa, 10, 11 but only the more highly polymeric forms demonstrate biological activity and can function to fix complements.
MBL can recognize a diverse range of infectious agents, including bacteria, yeast, parasites and viruses through the action of its CRDs. The carbohydrate specificity of MBL is rather broad, including D-mannose, N-acetylglucosamine and L-fucose. This carbohydrate is specificity thought to occur in accordance with the need for MBL to recognize a variety of pathogens. Upon binding to pathogens, MBL may activate the complement cascade through the function of the lectin pathway, after which microbes are killed by cellular lysis and indirect opsonization. When binding to the collectin receptor of effector cells, MBL can mediate direct opsonization and MBL-dependent, cell-mediated cytotoxicity. 12 MBL also plays an important role in defense in surface mucous membranes. 13 As such, MBL has been considered to be a key molecule in the regulation of innate immunity. 14 In the past decade, basic scientific understanding of how the immune system functions has undergone a substantial paradigm shift. In addition to playing a role in first-line host defense, innate immunity also functions in the initiation of adaptive immune responses and in controlling the types of these responses through the process of pattern recognition. 15 In the innate immune system, both soluble and membrane-bound pattern recognition molecules function to assess the level of danger caused by a particular intrusion, and they then initiate a host protection program. Monocytes, macrophages and dendritic cells (DCs), when activated by pathogens, often initiate the synthesis of proinflammatory cytokines. 16 The cytokine environment then subsequently influences adaptive immune responses. Then, both soluble and cellular components of the innate system can remove degenerated or dead cells or tissue debris and then subsequently participate in mechanisms regulating tissue repair. Thus, in the absence of perceived danger, the innate system seems to be able to remove dying cells while avoiding the induction of an adaptive immune response, which in turn could lead to autoimmunity or further tissue damage. 17 Pattern recognition receptors involved in the innate immune system, such as Toll-like receptors (TLRs), distinguish infectious nonself from noninfectious self receptors and control the initiation of adaptive responses. 18 In this context, TLRs activation results in the recruitment of MyD88, a protein that interacts with IL-1 receptor-associated kinase. This interaction then leads to initiation of a signal transduction cascade that culminates in nuclear translocation of nuclear factor (NF)-kB family members resulting in altered expression of genes such as IL-6, tumor-necrosis factor (TNF)-a, IL-12, IL-1 and other important cytokines that function in inflammation and immune defense. The secreted inflammatory cytokines then stimulate macrophages and natural killer cells that can directly kill pathogens or control the initiation of adaptive responses. 19 Lipopolysaccharide (LPS), the major constituent of the outer membrane of Gram-negative bacteria and a strong activator of the inflammatory response and immune regulation, can activate human monocytes and induce them to secrete TNF-a and IL-12. 20 Among the TLR family, TLR4 is expressed very extensively (e.g., monocytes, macrophages, immature DCs, T cells and B cells) and plays a critical role in recognition and signaling of bacterial LPS. 21 It was reported that MBL influences the cytokine network as the result of stimulation by various microorganisms. [22] [23] [24] [25] [26] Recently, researchers have speculated that novel MBL functions may exist. MBL was shown to directly bind to apoptotic cell surfaces and apoptotic cell blebs through the action of its CRDs. 27, 28 MBL was able to bind to healthy autologous cells in a specific and sugar-sensitive manner. 29, 30 It has also been demonstrated that cytokine expression can be altered by interactions of these cells with MBL. 31, 32 MBL and lung collectins could interact with both TLR4 and MD-2 through distinct mechanisms. 33 MBL interacted directly with deglycosylated CD14; 34 however, the underlying mechanism regulating the binding of MBL to various cell types and the mechanism by which MBL affects cytokine expression remain unknown. Recently, it has been reported that the C-type lectin DC-SIGN is able to modulate TLR signaling at the level of the transcription factor NF-kB to affect anti-inflammatory cytokine responses. 35 As a key soluble pattern recognition molecule in the innate immune system, it is likely that MBL can interact with TLRs to affect their function. Thus, the investigation into how this member of the collectin family regulates LPS/TLR-mediated biological functions is of great importance.
MATERIALS AND METHODS
Preparation of MBL
MBL was isolated from human plasma according to Tan et al., 36 with modifications as described. 37 Briefly, a pool of freshly frozen human plasma (2.5 liters, provided by Guangzhou General Hospital of Guangzhou Military Area Command of Chinese PLA, China) was thawed from 280 uC. After extraction and elimination of the majority of the unrelated proteins, the residual fraction was solubilized, and MBL was purified from the extract by a process involving three chromatographic steps. The first step, affinity chromatography on a mannan-agarose (Sigma, Poole, UK) column, was used to select for functionally active, carbohydrate-binding MBL with approximately 2000-fold purification. The subsequent steps were anion-exchange chromatography and gel filtration using a Mono-Q HR 5/5 column (Pharmacia Biotech Europe, Orsay, France) or a Superose 6 HR 10/30 column (Pharmacia Biotech Europe), respectively. The purified MBL was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent western blot (WB) methods.
The MBL preparations were determined to be free of endotoxin contamination through the use of a Limulus amebocyte lysate assay. Biotinylated MBL was prepared by coupling of N-hydroxysuccinimidobiotin to the purified MBL as described. 38 Cell culture THP-1 cells (a gift from Dr JH Han, Scripps, La Jolla, CA, USA) were maintained in endotoxin-free RPMI-1640 (Gibco BRL, Gaithersburg, MD, USA) with 10% (v/v) heat-inactivated fetal calf serum (Gibco BRL, Grand Island, CA, USA), penicillin (100 U/ml) and streptomycin (100 mg/ml) at 37 uC in a 5% (v/v) CO 2 environment. Actively growing cells were harvested from the flasks (Nunc, Roskilde, Denmark) by centrifugation at 450 g for 5 min and then washed with RPMI-1640 prior to the experiments.
Cytokine measurements by ELISA To study the effect of MBL on cytokine secretion, THP-1 cells (1310 6 / ml) were seeded in 12-well tissue culture plates (Corning-Costar, Cambridge, MA, USA) containing RPMI-1640 complete medium and maintained at 37 uC in a 5% (v/v) CO 2 environment for 2 h after MBL was added at concentrations ranging from 0 to 20 mg/ml. Smooth LPS (100 ng/ml; from Escherichia coli O111:B4; List Biological, Campbell, CA, USA) was added to the complete medium and incubated overnight at 37 uC in a 5% (v/v) CO 2 environment. The supernatants from the wells were harvested after centrifuging the cells at 450 g for 5 min, and they were stored at 280 uC pending analysis. Negative control cells were cultured in complete medium only. Levels of IL-12 p401p70 and TNF-a were determined using ELISA Kits (Bender MedSystems, CA, USA), following the manufacturer protocol. To demonstrate the specificity of the MBL response, anti-MBL polyclonal antibody (pAb; R&D systems, MN, USA) was used.
Cytokine gene expression analysis by reverse transcriptase polymerase chain reaction (RT-PCR) Total RNA was isolated from 1310 6 THP-1 cells for use in the above experiments by the TRIzol reagent method (Gibco BRL, Rockville, MD, USA). cDNA was synthesized with the Expand Reverse Transcriptase Kit (Roche Diagnostics, Lewes, UK). For PCR, Taq Supreme polymerase and buffers from Helena Biosciences (Sunderland, UK) were used. Reactions were performed with an initial denaturation of 2 min at 94 uC followed by cycles of denaturation for 30 s at 94 uC, subsequent annealing for 30 s and extension for 30 s at 68 uC. Primers and programs were performed as described. [39] [40] [41] [42] Using the IL-12p40 sense primer, 59-GGA CCA GAG CAG TGA GGT CTT-39, and antisense primer, 59-CTC CTT GTT GTC CCC TCT GA-39, a product of 373 bp was amplified where primer annealing occurred at 52 uC for 35 cycles. For IL-12p35, using primers 59-CTC CTC CTT GTG GCT ACC CT-39 and 59-CTG GAA TTT AGG CAA CTC TCAT-39, a 281-bp product was amplified with annealing occurring at 55 uC for 33 cycles. Using TNF-a primers 59-AAG CCT GTA GCC CAT GTT GT-39 and 59-CAG ATA GAT GGG CTC ATA CC-39, a 330-bp product occurred when annealing was performed at 54 uC for 29 cycles. Finally, the b-actin primers 59-CCA GAG CAA GAG AGG CAT CC-39 and 59-GTG GTG GTG AAG CTG MBL interacting with TLR4 regulates LPS signaling MY Wang et al 266 TAG CC-39 generated a 435-bp product when annealing conditions were performed at 56 uC for 35 cycles. PCR products were identified by 1% agarose gel electrophoresis, and the gray values of the DNA fragments were measured using the Gel Image Analysis System (UVP Inc., Upland, CA, USA). b-actin served as an internal control.
Analysis of NF-kB by electrophoretic mobility shift assay (EMSA) and WB analysis THP-1 cells (5310 5 cells/sample) were stimulated with LPS (100 ng/ ml) in the presence of 15 mg/ml of either human serum albumin (HSA), MBL or MBL, along with exposure to anti-MBL pAb for 1 h. This was followed by cell harvesting for nuclear extraction. THP-1 cell nuclear extracts were prepared using the NucBuster Protein Extraction Kit (Novagen, Madison, WI, USA). Oligonucleotide probes were radiolabeled with [c-32 P]ATP using T4 Polynucleotide Kinase (Takara, Tokyo, Japan). For the binding reaction, 5 mg of nuclear extracts were incubated in 30 ml of total reaction buffer containing 10 mM Hepes (pH 7.9), 12.5% glycerol, 70 mM NaCl, 1 mM DTT, 1 mM EDTA and 2 mg poly (dI-dC). The 32 P-labeled oligonucleotide was added to the reaction mixture and incubated for 20 min at room temperature. Samples were electrophoresed on 6% acrylamide gels (made using 50 mM Tris buffer containing 380 mM glycine and 2 mM EDTA). Then, autoradiography was performed.
For WB analysis, the extracts were separated by 10% SDS-PAGE and then transferred to a nitrocellulose membrane (BioRad, CA, USA). After blocking with 5% non-fat milk protein in triethanolamine-buffered saline (pH 7.5), the membrane was incubated with NF-kB-specific mouse antihuman monoclonal antibody (mAb) p65 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After washing, horseradish peroxidase (HRP)-conjugated secondary antibody was added to the membrane along with triethanolamine-buffered saline containing 0.1% Tween 20. Actin was used as an internal control. For visualization of the protein bands, an enhanced chemiluminescence detection system (Amersham Biosciences, Uppsala, Sweden) was applied.
To exclude the stimulatory signaling of MBL through binding to TLR4, an experiment using cells cultured in the presence MBL alone was performed as the negative control.
Analysis of the effect of MBL on the binding of LPS to THP-1 cells using flow cytometry (FCM) THP-1 cells were collected and pre-incubated at 1310 6 cells/tube in the absence or presence of 15 mg/ml of MBL at 37 uC for 30 min. The cells were then further incubated in a concentration of 100 ng/ml Alexa488-labeled smooth LPS (E. coli O111:B4; Molecular Probes, Eugene, OR, USA) at 4 uC for 30 min. After washing, the cells were analyzed by FCM using FACSCalibur (Becton Dickinson, Mountain View, CA, USA). To demonstrate the specificity of the MBL response, anti-MBL pAb was added to MBL preparations for a period of 10 min prior to cellular incubation.
Analysis of MBL binding to THP-1 cells by FCM
Washed THP-1 cells (2310 5 ) were resuspended in Tris-buffered saline, pH 7.4, containing 5 mM CaCl 2 and 1% bovine serum albumin (buffer A). Three types of Tris-buffered saline with differing concentrations of calcium ion were used for binding assays. Alternatively, as the Ca 21 -free control, 5 mM EDTA was substituted for CaCl 2 . To identify if a possible MBL binding site (ligand) for MBL was expressed on the cell membrane, anti-TLR4 mAb HTA125 (30 mg/ml; eBioscience, San Diego, CA, USA) was employed as an inhibitor and was pre-incubated with the cells for 10 min. Mouse isotype IgG (Sigma, Madrid, Spain) was used as a control. Each cell suspension (0.2 ml) was incubated for 30 min on ice in the presence of biotinylated MBL (10 mg/ml). The cells were then further incubated for 30 min on ice in the presence of ExtrAvidin-FITC (Sigma) at a final dilution of 1 : 100. After washing, the cells were analyzed by FCM.
A soluble form of recombinant TLR4 extracellular domain (sTLR4) protein, consisting of the putative extracellular domain (Met1-Lys631) and a 6 His tag at the C-terminal end, was prepared in our lab as previously described. 43 sTLR4 protein (30 mg/ml), a molecule that may also function as an inhibitor of MBL, was pre-incubated with biotinylated MBL (10 mg/ml) at 37 uC for 30 min. HSA was used as a negative control. The mixture was then incubated with the cells in the previously described buffer A for 30 min on ice, after which biotinylated MBL was added. The cells were incubated further for 30 min on ice with ExtrAvidin-FITC. After washing, the cells were analyzed by FCM.
In certain experiments, cells were stimulated for 2 h using smooth LPS (100 ng/ml) dissolved in RPMI-1640 complete medium supplemented with a physiological calcium concentration (1.3 mM, supplemented with Ca(NO 3 ) 2 ). After washing, the binding of MBL to cells was analyzed by FCM.
Analysis of TLR4 expression in LPS-stimulated THP-1 cells by RT-PCR and northern blot analysis
For RT-PCR, total RNA was isolated from untreated THP-1 cells or LPS-stimulated THP-1 cells using a Qiagen Kit (Valencia, CA, USA) following the manufacturer's instructions. The isolated RNA was then treated with RNase-free DNase I. For the RT reaction, the MMLV preamplification system (Life Technologies, Carlsbad, CA, USA) was applied. PCR amplification was performed with Taq Gold polymerase (Perkin Elmer, Foster City, CA, USA) for 32 cycles at 95 uC for 45 s, then 54 uC for 45 s, followed by a temperature of 72 uC for 1 min. The primers used for RT-PCR were 59-TGG ATA CGT TTC CTT ATA AG-39 and 59-GAA ATG GAG GCA CCC CTT C-39. Glyceraldehyde-3-phosphate dehydrogenase primers were obtained from Clontech (Palo Alto, CA, USA).
For northern blot analysis, total RNA was analyzed by electrophoresis through a 1% agarose/formaldehyde gel, followed by northern blot transfer to Gene Screen Plus membranes (NEN Life Science Products, Boston, MA, USA). The plasmids containing human TLR4 or actin cDNAs were labeled with [a-32 P]dCTP (3000 Ci/mmol; Amersham Pharmacia Biotech, Buckinghamshire, UK). Membranes were pretreated and hybridized in 50% formamide (Merck, Rahway, NJ, USA) with 10% dextran sulfate (Sigma, St. Louis, MO, USA) and washed twice with 23 SSC (13 SSC: 0.15 M NaCl, 0.015 M sodium citrate) and 1% SDS at 60 uC for 30 min. Then, the membranes were washed twice with 0.13 SSC at room temperature for 30 min. Membranes were exposed for 4-48 h at 280 uC under intensifying screens.
Analyses of binding of MBL to sTLR4
For deglycosylation, sTLR4 (4 mg) was incubated with 2 unit of Nglycosidase F (Roche Diagnostics, Mannheim, Germany) at 37 uC for 2 h in 10 mM Tris buffer (pH 7.4) containing 10 mM EDTA, 2% (v/v) b-mercaptoethanol, 0.1% (w/v) SDS and 1% (v/v) Nonidet P-40. The removal of oligosaccharides was confirmed using a Carbohydrate Detection Kit (G. P. Sensor, J-Oil Mills, Yokohama, Japan) according to the manufacturer's instructions.
The ligand blot analysis was performed using a previously described method. 44 In brief, glycosylated and deglycosylated sTLR4 proteins (2 mg) were electrophoresed on a 13% polyacrylamide gel in The binding of MBL to sTLR4 was also examined using microtiter wells. sTLR4 or HSA (10 mg/ml, 50 ml/well) was coated onto microtiter wells, which were then incubated with 10 mM Hepes buffer (pH 7.4) containing 0.15 M NaCl, 5 mM CaCl 2 and 5 mg/ml bovine serum albumin (buffer C) to block nonspecific binding. The indicated concentrations of MBL in buffer C were added and incubated at 37 uC for 5 h. In some experiments, 5 mM EDTA was substituted in place of the CaCl 2 in buffer C. After washing, the wells were incubated with anti-MBL mAb HYB 131-11 (1 : 5000). Binding was detected with HRPlabeled goat antimouse IgG (1 : 1500), and the absorbance at 450 nm was measured.
Statistical analysis
The mean and SD were calculated using Excel software (Microsoft). ANOVA was used for statistical analysis, and P,0.05 was considered to represent a statistically significant difference between two sample means.
RESULTS
Purification of MBL
MBL was purified from pooled human plasma samples that contained high protein concentrations (approximately 2500 mg MBL/L on average). SDS-PAGE followed by WB indicated that this highly purified MBL was a functional multimer composed of 32-kDa peptide chains (Figure 1 
24-h incubation, the supernatants were analyzed by ELISA. As shown in Figure 2 , TNF-a and IL-12 p401p70 induction after LPS treatment was profoundly inhibited by exposure to high concentrations of MBL (10-20 mg/ml), as compared with THP-1 cells that were not treated with MBL (P,0.05). Additionally, HSA (20 mg/ml) or low-concentration MBL treatment (1 mg/ml) resulted in no significant effects. Addition of anti-MBL pAb, while cells were pre-incubated with MBL, restored the secretion of TNF-a and IL-12 p401p70, indicating that MBL specifically inhibits the interaction between LPS and THP-1 cells.
Suppression of mRNA levels of TNF-a and IL-12 p401p70 by MBL To determine whether MBL affects the expression of TNF-a and IL-12 at the mRNA level, TNF-a, IL-12p35 and IL-12p40 mRNA levels were examined by RT-PCR, and a representative experiment was analyzed by Gel Imaging System scanning. As shown in Figure 3 , LPS treatment strongly induced expression of all three genes; however, their levels were significantly downregulated in the presence of a high concentration of MBL (20 mg/ml), as compared with the corresponding groups that were not treated with MBL. Additionally, HSA (20 mg/ml) treatment did not inhibit induction of these genes. Addition of anti-MBL 
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pAb, while these cells were pre-incubated with MBL, restored the gene levels of TNF-a, IL-12p35 and IL-12p40, suggesting a specific inhibitory effect caused by MBL. Together, these data suggest that MBL treatment at high concentrations can inhibit the LPS-induced expression of TNF-a and IL-12 mRNA.
Inhibition of NF-kB DNA binding and its translocation in THP-1 cells by MBL We next chose to investigate whether MBL treatment affects LPS-induced signaling through interactions with surface molecules on THP-1 cells. We determined the effects of MBL treatment on LPS-induced NF-kB activation in THP-1 cells using both EMSA and WB analysis. For EMSA, nuclear extracts from LPS-stimulated THP-1 cells were incubated with p40 NF-kB probe. Our results indicate that NF-kB binding was enhanced within 1 h following LPS stimulation, and that MBL (15 mg/ml) treatment could reduce this DNA-binding activity. DNA binding was restored by treatment with anti-MBL pAb (Figure 4b ). The binding of this complex was determined to be specific, and it could be competitively reduced by treatment with a 100-fold excess of unlabeled consensus NF-kB oligonucleotide ( Figure 4a ). WB analysis of corresponding nuclear fractions using anti-p65 mAb confirmed that in THP-1 cells, LPS treatment can significantly increase NF-kB translocation from the cytoplasm to the nucleus. This effect was strongly inhibited by treatment with MBL (15 mg/ml) (Figure 4c ). Addition of anti-MBL pAb restored NF-kB translocation from the cytoplasm to the nucleus (Figure 4c ), further demonstrating the specific inhibitory effect of MBL on the interaction between smooth LPS and THP-1 cells.
Inhibition of binding of LPS to THP-1 cells by MBL
To investigate possible mechanisms underlying the regulatory effect of MBL on cytokine secretion, we examined whether MBL could alter the binding of LPS to THP-1 cells. When cells were incubated with labeled LPS at 4 uC, significant LPS binding at the cell surface was observed (Figure 5a, dotted line) . Pre-incubation with MBL (10 mg/ml) significantly attenuated this cell-surface binding (Figure 5a , black solid line). Addition of anti-MBL pAb during pre-incubation of cells with MBL restored the binding of LPS to the cell surface (Figure 5b ), again demonstrating that the inhibitory effect of MBL is specific.
Binding of MBL to THP-1 cells occurs in a Ca 21 -dependent manner To study the possible mechanism underlying the effect of MBL treatment on the interaction between LPS and THP-1 cells, cellular MBLbinding experiments were performed. When THP-1 cells were incubated with biotinylated MBL in the presence of physiological calcium concentrations, MBL was able to definitively bind to cells, as demonstrated by FCM (Figure 6a ). At higher Ca 21 concentrations, this binding was markedly increased (Figure 6b, c) , whereas binding was markedly reduced in the absence of Ca 21 ( Figure 6d ). These results indicate that MBL interacts with THP-1 cells in a Ca 21 -dependent manner. Figure 4 Suppression of LPS-stimulated NF-kB activity by MBL. (a) Specific and non-specific competitive assays of NF-kB. THP-1 cells were stimulated with LPS for 1 h, followed by cell harvesting for nuclear extraction. The nuclear extracts were mixed with a radiolabeled NF-kB oligonucleotide probe and 100-fold molar excess of unlabeled consensus NF-kB oligonucleotide and then analyzed by EMSA. A non-specific probe for NF-kB was used as the control. (b) LPS-induced NF-kB DNAbinding activity is inhibited by MBL. THP-1 cells were stimulated with LPS in the presence of 15 mg/ml HSA, anti-MBL pAb and MBL, or MBL for 1 h, followed by cell harvesting to prepare nuclear extracts. The nuclear extracts were mixed with radiolabeled NF-kB oligonucleotide probe and analyzed with EMSA. (c) MBL inhibits NFkB translocation in THP-1 cells. THP-1 cells were stimulated with LPS in the presence of 15 mg/ml HSA, anti-MBL pAb and MBL, or MBL alone for 1 h, then the cells were harvested to prepare nuclear extracts. The proteins in the nuclei-free supernatants were separated by 10% SDS-PAGE, followed by transfer to a nitrocellulose membrane. After blocking, the membrane was incubated with NF-kB-specific mouse antihuman mAb p65, followed by incubation with HRP-conjugated secondary antibody. ECL was applied for visualization of the protein bands. b-actin was used as an internal control. ECL, enhanced chemiluminescence; EMSA, electrophoretic mobility shift assay; HRP, horseradish peroxidase; HSA, human serum albumin; LPS, lipopolysaccharide; mAb, monoclonal antibody; MBL, mannan-binding lectin; NF, nuclear factor; pAb, polyclonal antibody; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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Enhanced MBL binding to THP-1 cells after LPS stimulation To determine whether the observed MBL binding is influenced by inflammatory stimuli, THP-1 cells were cultured for 2 h in the presence of LPS (100 ng/ml) in physiological calcium concentrations. Significant enhancement of the binding of MBL to THP-1 cells was observed after LPS stimulation (Figure 7b) , as compared to that achieved without LPS stimulation (Figure 7a ). These data demonstrate that LPS treatment causes increased MBL binding to THP-1 cells.
Enhanced TLR4 expression in LPS-stimulated THP-1 cells TLR4 is extensively expressed and functions to mediate recognition of a wide variety of microbial products. To determine whether enhanced MBL binding is correlated with TLR4 expression in LPS-stimulated THP-1 cells, we treated THP-1 cells for 2 h with LPS and then examined rRNA expression using both RT-PCR and northern blot analysis. As shown in Figure 8 , TLR4 mRNA was detected in THP-1 cells after 2 h; however, this expression was significantly enhanced after 2-h stimulation with LPS. These data suggest that LPS treatment results in increased TLR4 expression in THP-1 cells.
Inhibition of binding of MBL to THP-1 cells by anti-TLR4 mAb and sTLR4 Due to our observation that MBL could bind to THP-1 cells and attenuate the binding of LPS to the cells, we decided to investigate whether TLR4 on the surface of THP-1 cells is the binding site (ligand) for MBL. Our experimental results indicated that both anti-TLR4 mAb (HTA125) (Figure 9a ) and sTLR4 protein (Figure 9b) were capable of independently inhibiting the cellular binding of MBL, indicating that MBL binds to TLR4 expressed on THP-1 cells.
MBL binding to the extracellular domain of TLR4 occurs in a concentration-and Ca 21 -dependent manner We next investigated the direct interaction of MBL with purified sTLR4. Following gel electrophoresis, both glycosylated and deglycosylated sTLR4 proteins were visualized as a band at ,75 kDa by Coomassie blue staining. For ligand blot analysis, polyvinylidene difluoride membrane was incubated with human MBL or HSA and 
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then probed with anti-MBL mAb. Membrane-bound MBL was detected as a band corresponding to that of sTLR4, demonstrating that MBL binds to TLR4. Additionally, our results clearly demonstrate that MBL interacts with both glycosylated and deglycosylated forms of sTLR4 ( Figure 10a ). As such, we concluded that MBL directly interacts with the peptide portion of sTLR4. These results are consistent with our previous results indicating that carbohydrate binding specificity is not required for MBL to bind to sTLR4. To further examine the binding properties of MBL, we employed sTLR4-coated microtiter wells. As shown in Figure 10b , MBL bound to the solid phase sTLR4, but not HSA, in a concentration-dependent manner. Additionally, this observed binding appears to be Ca 21 -dependent because substitution of EDTA for Ca 21 significantly inhibited this process. These results suggest that the lectin property of MBL plays an important role in regulating these interactions. Taken together, these results indicate that MBL binds not only to the peptide portion, but also the oligosaccharide moieties of sTLR4.
DISCUSSION
As a major soluble pattern-recognition receptor in the innate immune system, MBL has long been known to recognize pathogens or autologous apoptotic cells via its CRD and interact with autologous normal cells via its collagen-like region. It has been presumed that MBL-CRD does not interact with autologous normal cells, but recently, Downing et al. 29 reported that MBL could bind to autologous B lymphocytes, monocytes and immature DCs in a calciumdependent manner through the function of its C-type lectin-binding sites , suggesting a new role for MBL in the immune system.
Our study showed that treatment with MBL at high concentrations (10-20 mg/ml), but not at a low concentration (1 mg/ml), significantly inhibited LPS-induced TNF-a and IL-12 p401p70 secretion. We also found that MBL at 20 mg/ml significantly decreased mRNA expression of TNF-a, IL-12p35 and IL-12p40 in THP-1 cells as indicated by RT-PCR analysis, indicating that MBL may also play a role in the cytokine network. Our data provide clear evidence demonstrating that MBL was able to bind to THP-1 cells in the presence physiological concentrations of calcium, and the binding was optimal at supraphysiological calcium concentrations. Additionally, at physiological calcium concentrations, activation of THP-1 cells by LPS treatment resulted in increased MBL binding. The binding of MBL to the surface of THP-1 cells attenuates the binding of LPS, resulting in less NF-kB activation. This, in turn, leads to a reduction in both mRNA synthesis and protein production. Together, these data suggest that regulation of MBL occurs at the level of ligand binding.
To further investigate the mechanisms underlying this process, we studied possible interactions between MBL and certain surface molecules on THP-1 cells, as well as signaling pathways initiated by these molecules. Because LPS-/TLR-signaling pathways play crucial roles in the regulation of early responses to inflammation, and TLR4 is critical for LPS recognition and signaling, 21 it is important to investigate the interaction between MBL and TLR4. Recently, Shimizu et al. 33 reported that recombinant MBL could bind to recombinant sTLR4 in a calcium-dependent manner, and that the oligosaccharide moieties (a) Expression of TLR4 in THP-1 cells was analyzed using RT-PCR. Total RNA was isolated from THP-1 cells cultured in medium (with or without 100 ng/ml LPS) for 2 h using a Qiagen Kit. GAPDH was used as an internal control. (b) Northern blot analysis. Total RNA was prepared from THP-1 cells cultured in medium with or without 100 ng/ml LPS for 2 h. Blots were hybridized with probes specific for TLR4. b-actin was used as an internal control. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LPS, lipopolysaccharide; RT-PCR, reverse transcriptase polymerase chain reaction; TLR4, Toll-like receptor 4.
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MY Wang et al 272 of sTLR4 were important for the recognition by MBL. They could not, however, completely exclude the possibility that MBL was binding to peptide portions of sTLR4 because binding inhibition using excess mannose in solid-phase experiments was incomplete, and weak binding to deglycosylated sTLR4 was detected after long exposures using ligand blot analysis. Our data clearly demonstrate that MBL interacts with both glycosylated and deglycosylated sTLR4 proteins, and the concentration of calcium is crucial for the binding of MBL to TLR4 because the presence of EDTA instead of calcium resulted in significant inhibition of binding as seen in solid phase analysis. These results suggest that MBL may bind to both the peptide portion and the oligosaccharide moieties of sTLR4, further demonstrating the versatile ability of MBL to interact with cell surface molecules.
NF-kB is essential for LPS-induced inflammatory reactions, and several previous studies using the human monocytoid cell line THP-1 have demonstrated that LPS can interact with TLR4 and affect cytokine expression via NF-kB signaling pathways. [45] [46] [47] NF-kB can be activated within minutes by various stimuli, including inflammatory cytokines such as TNF-a and IL-1. Our study demonstrated that MBL bound directly to TLR4 in a dose-dependent manner. Additionally, the interaction between MBL and TLR4 expressed on THP-1 cells attenuated cell surface binding of LPS and LPS-induced NF-kB translocation in THP-1 cells, suggesting that MBL and TLR may establish a large host defense network.
Monocytes and macrophages play important roles in host defense. Not only are they responsible for pathogen phagocytosis, but they are also involved in numerous additional functions related to immune regulation, such as activation of the complement system, promotion of lymphocyte division and differentiation, and the secretion of dozens of inflammatory factors. The majority of these effects are regulated by inflammatory mediators. Our data indicate that TLR4 expression was upregulated in LPS-activated THP-1 cells. Additionally, THP-1 cells exposed to inflammatory stimuli showed increased MBL binding, possibly due to the upregulated expression of TLR4 in these cells, further demonstrating the versatility of MBL under inflammatory conditions. LPS-activated cells can induce microcirculatory dysfunction and inflammatory changes, resulting in various types of tissue damage, circulatory failure, and occasionally death. [48] [49] [50] To prevent excessive and prolonged responses of host innate immune cells to LPS, the host may acquire a system for downregulation to ensure safe responses to LPS and/or unresponsiveness to a second stimulation with LPS, a process known as LPS tolerance. 51 Several previous studies have demonstrated LPS tolerance in THP-1 cells. 45, 46, 52 The observation that high concentrations of MBL can inhibit LPS-induced secretion of proinflammatory cytokines suggests that MBL may be responsible for such downregulation mechanisms under conditions of inflammation. Additionally, using the Limulus amebocyte lysate assay, it was determined that the MBL preparation used for this study was endotoxin-free, ruling out the possibility that LPS tolerance was induced by endotoxin contamination of the MBL preparation. The serum concentration of MBL normally ranges from 0.01 to 10 mg/ml, 32, 53 and as an acute-phase protein, MBL can increase up to threefold under inflammatory conditions. 54 MBL is also present in synovial fluid and amniotic fluid and in lung and vaginal lavages, [55] [56] [57] [58] [59] where it behaves as an acute-phase reactant in individuals with 'sufficient' (wild-type) MBL genotypes. 54 We therefore presume that binding of MBL to the autologous cells most likely occurs at inflammatory loci, where a local elevation of extravascular MBL and a concomitant influx of immune cells are to be expected. The data presented in this paper demonstrate an increased binding of MBL to THP-1 cells under inflammatory conditions and a significant effect of MBL on cytokine expressions at higher concentrations (10-20 mg/ml) that was not observed at lower concentrations (1-5 mg/ml). As such, further investigations may provide evidence that during the acute phase, high concentrations of MBL are excreted to affect cytokine-mediated immune regulation in the serum and in some extravascular local tissues.
It would seem counterintuitive that a protein that suppresses monocytoid cell function would arise acutely just at the time when vigorous immune stimulation is most needed (one to several days post infection). Normally, this is a desirable homeostatic mechanism that would occur after sterilizing immunity had been achieved. Additionally, it is interesting to note that Ip et al. 60, 61 recently demonstrated that MBL treatment enhances TLR2 and TLR6 signaling. The finding that MBL inhibits TLR4 function suggests that innate immune receptors may be more discriminating in the signaling systems that they influence than was traditionally thought, and it suggests that they may achieve selective responsiveness to ligands through combinatorial arrangements of receptors.
In summary, we have confirmed that MBL binds to THP-1 cells in a Ca 21 -dependent manner under basic and inflammatory culture conditions, and that MBL affects cytokine expression by modulating LPS-/TLR-signaling pathways. This study identifies an important role for MBL in immune regulation and the signaling pathways involved in the cytokine network. 
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